The reaction of two arginine-modifying reagents, phenylglyoxal and 2,3-butanedione, with a highly purified uncoupling protein of brown adipose tissue mitochondria decreased the GDP binding to the uncoupling protein. This inhibition was irreversible and dependent on time and concentration of the reagent. Complete inhibition of GDP binding by both reagents establishes that arginine is one of the critical amino acid residues involved in the binding of GDP. Reconstitution of the uncoupling protein (both unmodified and modified) into phospholipid vesicles by our procedure showed no effect of phenylglyoxal modification on the HI conductance, thus demonstrating that the proton translocation site is structurally different and distinct from the GDP binding site.
ABSTRACT
The reaction of two arginine-modifying reagents, phenylglyoxal and 2,3-butanedione, with a highly purified uncoupling protein of brown adipose tissue mitochondria decreased the GDP binding to the uncoupling protein. This inhibition was irreversible and dependent on time and concentration of the reagent. Complete inhibition of GDP binding by both reagents establishes that arginine is one of the critical amino acid residues involved in the binding of GDP. Reconstitution of the uncoupling protein (both unmodified and modified) into phospholipid vesicles by our procedure showed no effect of phenylglyoxal modification on the HI conductance, thus demonstrating that the proton translocation site is structurally different and distinct from the GDP binding site.
To elucidate the structure-function relationship vis-A-vis the identity or nonidentity of GDP binding and H' translocation sites, we thought it more promising to study the effect of chemical modification of highly purified UCP on its GDP binding ability and proton conductance function in reconstituted proteoliposomes. In this paper we present direct experimental evidence to show that the GDP binding site on UCP is different from the H' translocation site. We have identified arginine as one of the critical residues at the nucleotide binding site, whose modification results in complete inhibition of GDP binding but does not affect the H' translocation activity of UCP in reconstituted phospholipid vesicles.
The thermogenic function of brown adipose tissue mitochondria (BATM) is carried out by a specific protein called the uncoupling protein (UCP) (1, 2) . The UCP located in the inner mitochondrial membrane is a 32-kDa dimer and has the unique ability to uncouple respiration from ATP synthesis by allowing the re-entry of protons extruded by the respiratory chain, thus bypassing the ATP synthase. Purification of UCP by Triton X-100 solubilization of BATM followed by hydroxylapatite chromatography of the extract has led to its characterization and establishment of physical properties (3) . The reconstitution of UCP in phospholipid vesicles such that it maintained its proton conducting activity has been accomplished recently by Strieleman et al. (4, 5) and by Klingenberg and Winkler (6) . However, the properties of UCP in reconstituted proteoliposomes were different inasmuch as the preparation of Klingenberg and Winkler did not exhibit chloride transport and fatty acid activation of H' conductance.
For understanding the molecular mechanism of H' transport through biomembranes and its regulation by biomembrane carriers such as UCP, the knowledge of overall structure is quite helpful. Though the primary structure of UCP as established by both primary amino acid sequencing and a cDNA clone is known (7-9), the molecular mechanism of H' transport and nucleotide binding is not well resolved. There is a lack of experimental evidence on the nature of essential amino acids involved in the binding of GDP to UCP and the effect of inhibition of GDP binding on the proton conductance function of UCP in reconstituted proteoliposomes. Rial and Nicholls (10) reported the involvement of a cysteine residue in the nucleotide binding site of UCP by chemical modification of mitochondria. However, the effect of this modification on H' conductance by UCP in reconstituted proteoliposomes was not studied.
MATERIALS AND METHODS BATM Preparation. BATM were prepared from male Syrian hamsters, cold adapted at 40C for 4-6 weeks according to the method reported earlier (4) . The washed mitochondrial pellet was resuspended in 20 mM Mops/20 mM Na2SO4/0.26 mM EDTA, pH 6.7, rapidly frozen on dry ice/methanol, and stored overnight at -70'C.
UCP Purification and Final Solubilization in Octyl Glucoside. UCP was purified by the method of Lin and Klingenberg (3) using Triton X-100 extraction and hydroxylapatite chromatography. Column fractions containing UCP were pooled and concentrated by ultrafiltration. Phosphatidylcholine (5 mg/mg of protein) was added to the concentrate containing 1-1.5 mg of UCP per ml. Triton X-100 was then exchanged simultaneously with 40 mM octyl glucoside using Bio-Beads SM-2 to remove Triton X-100 by the method of Holloway (11) . The moist Bio-Beads (7 g) were shaken for 2 hr at 4°C with 1 ml of the protein concentrate in Triton X-100 containing 1 mg of UCP and 5 mg of phosphatidylcholine to which 1 ml of 80 mM octyl glucoside/20 mM Mops-NaOH/20 mM Na2SO4/0.16 mM EDTA, pH 6.7, was also added. The UCP obtained in 40 mM octyl glucoside was nearly homogeneous as determined by SDS/polyacrylamide gel electrophoresis (12) .
Reconstitution in Proteoliposomes. Highly purified UCP in 40 mM octyl glucoside was reconstituted into liposomes composed of phosphatidylcholine/phosphatidylethanolamine/cardiolipin (49.5:49. 
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Biochemistry: Katiyar and Shrago 40 mM octyl glucoside/100 mM KCl/50 mM potassium phosphate, pH 7.2. Purified UCP was added to the phospholipid/octyl glucoside suspension at a concentration of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ,ug/mg of phospholipid. Octyl glucoside removal and concomitant liposome formation were accomplished either by dialysis or by shaking with Amberlite XAD-4. Preparation of liposomes for proton conductance and measurement of H' influx at 12'C was done as described (5) .
GDP Binding and Chemical Modification. GDP binding to UCP in solution and proteoliposomes was measured by the method described earlier (4) . UCP solubilized in 40 mM octyl glucoside (10-30 jig) was incubated at 250C with the desired concentration of phenylglyoxal (PG) or 2,3-butanedione in 20 mM Mops-NaOH/20 mM Na2SO4/0-16 mM EDTA, pH 7.5. At specific time intervals samples (50-100 ,ul) were withdrawn and the reaction was stopped by cooling the mixture to 0°C. GDP binding was then measured at pH 6.5 using 10 ,M [3H]GDP. Controls in duplicate without the modifying reagents were run concurrently.
Protein was determined by the Lowry method (13) or modified Lowry (14) with a bovine serum albumin standard.
Materials. Octyl glucoside, Triton X-100, Amberlite XAD-4, GDP, valinomycin, PG, and 2,3-butanedione were obtained from Sigma. Carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP) was from Aldrich. Phosphatidylcholine (egg), phosphatidylethanolamine (egg), and cardiolipin (beef heart) were purchased from Avanti Polar Lipids. Bio-Beads SM-2 were from Bio-Rad. Radioisotopes were purchased from New England Nuclear. All other chemicals used were of highest purity available.
RESULTS AND DISCUSSION
To establish the mechanism of H+ transport in the UCP and its regulation by nucleotides in an environment free from the complications of mitochondria, two essential requirements are (i) use of highly purified UCP and (ii) a good reconstitution procedure for inserting purified protein into artificial phospholipid vesicles. Earlier successful reconstitution with octyl glucoside [critical micelle concentration (cmc) = (16) , it appeared possible that arginine residues might be involved in the binding of GDP and other anionic nucleotide di-and triphosphates to UCP. To test this possibility, the effect of PG, an arginine-specific reagent that preferentially modifies arginine residues in proteins (17), was examined. Fig. 1 shows the inhibitory effect of PG on the GDP binding activity of UCP in octyl glucoside-containing phospholipids. The extent of inhibition was dependent on time and concentration of PG. For example, at 1.5 mM PG, 60%o of the GDP binding activity was lost in 10 min, whereas at 5 mM PG, 90% of the activity was lost in the same period, and at 10 mM, almost complete inhibition occurred in 10 min. Under the present experimental conditions PG is relatively specific for arginine residues and is known to inactivate several dehydrogenases by covalently reacting with arginine residues at their active sites (18) (19) (20) . Additional evidence confirming the involvement of an arginine at the GDP binding site was obtained by the reaction of UCP with 2,3-butanedione, another arginine-specific reagent (16) . This reagent progressively decreased the binding of GDP to the UCP, and this decrease was dependent on concentration of the reagent (Fig. 2) and incubation time (unpublished data). The loss of GDP binding capacity of the UCP by PG and 2,3-butanedione, both classical argininespecific reagents, establishes the presence of a critical arginine residue at the nucleotide binding site of UCP. Similar conclusions have been reached by Klingenberg (21) in a study of the pH effect on nucleotide binding to the purified unreconstituted UCP.
The major question regarding the biochemical mechanism of H+ conductance and nucleotide binding vis-a-vis regulatory role of nucleotides on the H+ translocation function was unclear up to the present time. Whether the nucleotide binding is identical to the H+ translocation center has not been demonstrated by direct experimentation in a purified reconstituted system. By and large, the relationship between nucleotide binding and proton conductance of BATM has so far been evaluated indirectly in intact mitochondria (10, 22, 23) . However, chemical modification of BATM with tetranitromethane (10) and diazobenzensulfonate (23) demonstrated decreased nucleotide binding without an effect on H+ or chloride conductance. Blocking of sulfhydral groups with mersalyl caused inhibition of H' transport, but nucleotide binding was not examined (24) . By conducting activity. This system provides results that are free from the interference of secondary effects of other mitochondrial proteins. Fig. 3 shows the proton conducting activity in vesicles generated by our reconstitution procedure. The proteoliposomes have high K+ and buffer concentration and thus the H' influx function of the UCP has been reconstituted. Control experiments showed that these vesicles are H' tight. Almost no pH change was seen on addition of valinomycin (Fig. 3 , trace A; Table 1 ) to control liposomes without UCP, whereas uncoupler FCCP gave a high H' influx (Fig.  3, trace B ), demonstrating their capacity for H' conductance.
Proton influx initiated by the addition of valinomycin, which generated a K+ diffusion potential across the liposome membrane (Fig. 3, trace C) , was inhibited by GDP (Fig. 3, trace E). No significant change in H' influx was observed when PG-modified UCP was reconstituted in proteoliposomes (Fig. 3, trace D) . Prior addition of 100 ,uM GDP almost completely inhibited the valinomycin-induced proton influx in proteoliposomes containing unmodified UCP (Fig. 3 , trace E), whereas H' conductance of PG-modified UCP was reduced by only 10% (Fig. 3, trace F) . These data demonstrate that the nucleotide binding site and the H' translocation site are nonidentical and are located in different regions of the protein.
The present results on GDP binding and H' influx in an isolated reconstituted system containing PG-modified UCP have elucidated the mechanism of nucleotide binding and its regulation of proton conductance activity of UCP. The nucleotide binding site has a critical arginine that provides some of the positive charges to balance the negative charges on nucleotides. Thus, when this arginine is occupied by the specific inhibitor PG, it is not available for GDP (or nucleo- tide) binding. If the H+ translocation center was the same as the nucleotide binding site, then the PG-modified UCP in the reconstituted system would have shown a decrease in H+ conductance activity parallel to the inhibition of GDP binding. No significant decrease in proton conductance was found in proteoliposomes containing modified UCP (Fig. 3, trace  D) . On the other hand, GDP binding to proteoliposomes containing unmodified and PG-modified UCP showed that only 15% GDP (of control) was bound to proteoliposomes having PG-modified UCP ( becomes quite clear that the observed functional change in UCP on PG modification is due to specific interaction with an essential arginine residue and that the mechanism of nucleotide regulation of H+ conductance through UCP is not affected. The location of the nucleotide binding site on the UCP can now be examined with some confidence. Structural organization of UCP from mouse, hamster, and rat proteins elucidated recently from primary sequence determined by amino acid sequencing (7) and reverse translation of cDNA sequence (8, 9) shows six transmembrane domains and four accessible regions on the cytosolic side ofthe membrane. The C-terminal region of UCP (residues 290-306) that protrudes on the cytosolic side (25) possesses one arginine (Arg-299) and three lysines (Lys-292, Lys-293, Lys-297). It appears that Arg-299 would be readily accessible to PG and 2,3-butanedione and is probably the arginine modified in the present studies. Preliminary results with lysine-specific reagents show that lysine is also involved in the GDP binding (unpublished data), supporting the model of Klingenberg (21) . Thus, present observations taken together with the suggestion of Bouillaud et al. (8) make the C-terminal region of UCP the most likely region for nucleotide binding. Further studies are necessary to establish the exact site of arginine modification and the importance of this region to the regulation of H+ conductance activity of UCP. This work should lead to a greater understanding of the structural-functional organization of UCP and eventually facilitate complete elucidation of the molecular mechanism of proton conductance through the inner mitochondrial membrane.
